Abstract Many mutations in rhodopsin gene linked to retinitis pigmentosa (RP) cause rhodopsin misfolding. Rod photoreceptor cells expressing misfolded rhodopsin eventually die. Identifying mechanisms to prevent rhodopsin misfolding or to remove irreparably misfolded rhodopsin could provide new therapeutic strategies. IRE1, ATF6, and PERK signaling pathways, collectively called the unfolded protein response (UPR), regulate the functions of endoplasmic reticulum, responsible for accurate folding of membrane proteins such as rhodopsin. We used chemical and genetic approaches to selectively activate IRE1, ATF6, or PERK signaling pathways one at a time and analyzed their effects on mutant rhodopsin linked to RP. We found that both artificial IRE1 and ATF6 signaling promoted the degradation of mutant rhodopsin with lesser effects on wild-type rhodopsin. Furthermore, IRE1 and ATF6 signaling preferentially reduced levels of aggregated rhodopsins. By contrast, PERK signaling reduced levels of wild-type and mutant rhodopsin. These studies indicate that activation of either IRE1, ATF6, or PERK prevents mutant rhodopsin from accumulating in the cells. In addition, activation of IRE1 or ATF6 can selectively remove aggregated or mutant rhodopsin from the cells and may be useful in treating RP associated with rhodopsin protein misfolding.
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Instruction
The most common form of inherited blindness is retinitis pigmentosa (RP) [1] . Over 100 distinct mutations in rhodopsin have been identified that cause RP (www.sph. uth.tmc.edu/retnet/). Rhodopsin gene encodes a G protein-coupled receptor that is folded in the endoplasmic reticulum (ER) prior to export to the rod photoreceptor outer segment [2] . Many class II mutations in rhodopsin gene that cause RP generate misfolded rhodopsin proteins that are retained within the ER [3] [4] [5] [6] . Rod photoreceptors expressing misfolded mutant rhodopsin eventually die, leading to retinal degeneration. Studies have demonstrated that reducing misfolded rhodopsin protein levels by introducing chaperones or ribozymes specifically against mutant rhodopsin mRNA can delay retinal degeneration [7] [8] [9] . Therefore, identifying strategies to reduce misfolded rhodopsin protein in cells holds promise in preventing the death of rod photoreceptor cells. Mammalian cells respond to ER stress by activating three distinct branches of signal transduction pathways, collectively called the unfolded protein response (UPR), to restore ER proteostasis. UPR is controlled by three ER-resident membrane proteins, inositol requiring enzyme-1 (IRE1), activating transcription factor 6 (ATF6), and protein kinase RNA-like endoplasmic reticulum kinase (PERK), which all contain ER luminal domains that monitor the quality of ER proteins and cytosolic domains that activate mechanistically-distinct signal transduction cascades [10] . In response to ER stress, IRE1, PERK, and ATF6 signaling pathways are activated and restore ER proteostasis by upregulating genes involved in ER protein folding and ER-associated protein degradation (ERAD) [11] [12] [13] , and attenuating protein translation [14] . IRE1, PERK, and ATF6 signaling therefore enhance ER protein folding capabilities and also reduce protein levels by dampening translation and promoting protein degradation.
UPR regulation of ER protein-folding fidelity offers potential means to repair or remove misfolded proteins, such as class II rhodopsin mutant. In this review, we summarize how activation of each pathway, using artificial chemical or genetic means, affects the fate of mutant rhodopsin in cells.
Selective Activation of IRE1 Promotes the Degradation of Misfolded Mutant Rhodopsin in the Cells
The cytosolic domain of IRE1 includes kinase and endoribonuclease (RNase) domains that control the splicing of Xbp-1 mRNA [15] [16] [17] . To selectively activate IRE1, we used a genetically altered version of human IRE1, IRE1 [I642G], in which an isoleucine at residue 642 is substituted by a glycine. In this system, the RNase function of IRE1 [I642G] can be enabled by an ATP analog, 4-amino-1-tert-butyl-3-(1'-naphthylmethyl)pyrazolo [3,4-d] pyrimidine (1NM-PP1) [18, 19] , to induce the splicing of Xbp-1 mRNA (Fig. 83.1 ). Previously, we demonstrated that in cells stably expressing IRE1[I642G], the addition of 1NM-PP1 rapidly increased Xbp-1 mRNA splicing without activating ATF6 and PERK pathways [19] [20] [21] . Using this system, we found that selectively activating IRE1 pathway tremendously reduced the protein levels of all class II rhodopsin mutants tested, including P23H, T17M, Y178C, C185R, D190G, and K296E rhodopsin, whereas WT rhodopsin was minimally affected by the activation of IRE1. Furthermore, we found that the effects of IRE1 were almost exclusively targeted to the insoluble (aggregated) fractions of P23H rhodopsin, indicating that IRE1 removed mutant proteins at the monomeric state as well as when they were aggregated. Levels of mutant rhodopsin mRNAs were not changed in our system. Instead, activation of IRE1 promoted the degradation of mutant rhodopsin protein through two separate protein degradation pathways: the ubiquitin-proteasome system via ERAD and the autophagy-lysosome system [22] .
Selective Activation of ATF6 Promotes the Degradation of Misfolded Mutant Rhodopsin in the Cells
In response to ER stress, ATF6 undergoes proteolysis to release its cytosolic bZIPcontaining transcription factor domain (ATF6f) that migrates to the nucleus to upregulate genes involved in ER protein folding and ERAD [12, 13] . To selectively activate ATF6, we developed a system to induce the transcription of human ATF6f upon doxycycline addition (Fig. 83.1 ) without activating IRE1 and PERK pathways. Using this system, we showed that selectively activating ATF6 pathway significantly reduced the protein levels of class II mutant rhodopsin, such as P23H, T17M, Y178C, C185R, D190G, and K296E rhodopsin [23] . Furthermore, ATF6 reduced the protein levels of all species of P23H rhodopsin protein (monomer, dimer, and multimers). Interestingly, the protein level of WT rhodopsin was mildly reduced by ATF6, but this effect was limited to abnormal dimer and multimeric WT rhodopsin species [23] . Monomeric WT rhodopsin levels were unaffected. Our findings indicate that ATF6 signaling reduces misfolded rhodopsins as well as aggregated rhodopsin.
Selective Activation of IRE1 or ATF6 Promotes the Degradation of S334ter Mutant Rhodopsin
A non-class II mutant rhodopsin, S334ter rhodopsin lacking the last 15 amino acid residues in the C-terminus, also causes severe retinal degeneration. [24] [25] [26] [27] [28] . Surprisingly, selective activation of IRE1 or ATF6 signaling also decreased the protein level of S334ter rhodopsin in the cells [23] . Unlike the class II mutant rhodopsin that form multimers, S334ter is predominantly found as a monomer in cells, similar to the WT rhodopsin, suggesting that S334ter might not be misfolded. However, we found that S334ter is more sensitive to Endo H deglycosylation than WT rhodopsin [23] . Sensitivity to Endo H indicates that the protein contains high mannose N-linked glycans, a typical characteristic of proteins that have not matured beyond the ER [29] . Increase of S334ter rhodopin's sensitivity to Endo H indicated that there might be more S334ter rhodopsin retained in the ER and therefore more susceptible to ER quality control upregulated by selective activation of IRE1 or ATF6 signaling.
Selective Activation of PERK Reduces the Accumulation of WT and P23H Rhodopsin Proteins in the Cells
PERK bears a cytosolic kinase domain that phosphorylates eukaryotic translation initiating factor 2 subunit α (eIF2α), thereby impairing ribosomal assembly on mRNAs and attenuating protein translation [14] . To selectively activate PERK, we used a genetically altered PERK protein, Fv2E-PERK, which consists of the eIF2α kinase domain of PERK fused to two modified FK506 binding domains (Fv2E) [30] . In this system, addition of a chemical dimerizer, AP20187, rapidly triggered the activation of Fv2E-PERK's eIF2α kinase domain, leading to the activation of PERK signaling (Fig. 83.1 ) without activating other endogenous UPR pathways [20, 30] . When we selectively activated PERK through this system, we found great reduction in protein levels of WT or P23H rhodopsin [23] . A similar reduction was also observed in cells transfected with other proteins such as VCAM-1 or GFP upon the activation of Fv2E-PERK [23] . These findings showed that PERK signaling reduced the protein levels of mutant and WT rhodopsin and other transfected proteins, consistent with the role of PERK in global attenuation of protein translation in the cells [31] .
Conclusion
Here we dissected the effects of three separate UPR signaling pathways on rhodopsins linked to RP. We found that both IRE1 and ATF6 selectively reduced levels of misfolded rhodopsins with minimal effects on wild-type rhodopsin. Furthermore, both IRE1 and ATF6 preferentially target aggregated rhodopsins compared to the normal monomeric form. Given the ability of IRE1 and ATF6 to induce genes involved in ER protein folding and ER associated degradation, the effects of IRE1 and ATF6 signaling may be to disrupt the mutant rhodopsin aggregate and direct them for degradation. By contrast, PERK signaling non-specifically reduced levels of all rhodopsins. These findings suggest that artificial IRE1 or ATF6 signaling might be beneficial in enhancing photoreceptor cell survival in certain types of RP arising from expression of misfolded rhodopsins.
